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Since the initiation of the project on load and resistance
factor design in 1976, three progress reports have been submitted to
American Iron and Steel Institute. Thase publications summarized the
research findings on the statistical analysis of mechanical properties
and thicknesses of materials accompanied with the calibration of the
AISI design criteria on utilization of cold work, effective design
width formulas for stiffened compression elements, allowable stress
formulas for unstiffened compression elements, bolted connections,
welded connections and axially loaded compression members. Previous
reports have also presented the calibration of the proposed changes on
bolted connections, unstiffened compression elements, axially loaded
compression members and welded connections.
This report presents the progress made on the development of the
load and resistance factor design of cold-formed steel during the
past five months.
Article 11.1 contains the calibration of the AISI design provisions
on laterally unbraced beams.
The calibration of the current AISI design provisions on combined
axial and bending stresses is presented in Article 11.2.
Based on the progress made to date, a preliminary summary is
presented in Article 11.3.
This investigation was sponsored by American Iron and Steel
Institute. The technical guidance provided by the AISI Task Group
on Load and Resistance Factor Design (K.H. K1ippstein, Chairman,
D.H. Hall, and D.S. Wolford, members), the advisors for the AISI Task
2Group (R. Bjorhovde, N.C. Lind, F.J. Phillips, C.W. Pinkham and
G. Winter), the AISI Staff (A.L. Johnson and D.P. Cassidy) and our
consultant, M.K. Ravindra, are gratefully acknowledged. Thanks are
also due to J.R. Senne for his advice during the conduct of this
project.
Special thanks are extended to Mrs. Alice Crangle for typing this
report.
3II. RESEARCH ACTIVITIES DURING THE PERIOD OF
AUGUST THROUGH DECEMBER 1977
During the period of August through December 1977, the following
activities were carried out on the load and resistance design of
cold-formed steel:
(1) Calibration of the AISI design provisions on laterally
unbraced beams.
(2) Calibration of the AISI design provisions on combined axial
and bending stresses
Details of the above listed subjects are discussed in this Article.
411.1 CALIBRATION OF THE AISI DESIGN PROVISIONS
ON LATERALLY UNBRACED BEAMS
11.1.1 AISIDesign ProviSiortsonLaterallyUrtbracedBaams
Cold-formed steel flexural members, when loaded in the plane of
the web, may twist and deflect laterally as well as vertically if
adequate braces are not provided. To prevent lateral buckling, the
maximum compression stress, Fb , in kips per square inch, on extreme
fibers of laterally unsupported straight flexural members shall not
exceed the allowable stress as specified in Section 3.1 or 3.2 nor the
following maximum stresses specified in Section 3.3 of the AISI
Specification.
(a) When bending is about the centroidal axis perpendicular to
the web for either I-shaped sections symmetrical about an axis in the
plane of the web or symmetrical channel-shaped sections:
2When L S /dI is greater
xc yc
2
1.8 7T ECb/Fy '
2than 0.36 7T ECb/Fy but less than
(1.1)
When L2S /dI is equal to or greater than 1.8 7T2ECb /Fxc yc y'
(1.2)
(b) For point-symmetrical Z-shaped sections bent about the
centroidal axis perpendicular to the web:
2When L S /dI is greater than
xc yc
20.9 7T ECb/Fy '





S /dI is equal to or greater than 0.9 ~2ECb/Fy'xc yc
(1.4)
In the above,
L = the unbraced length of the member, in.
I = the moment of inertia of the compression portion of a sectionyc
about the gravity axis of the entire section parallel to the
b . 4we , l.n.
S = compression section modulus of entire section about major
xc
3
axis, I divided by distance to extreme compression fiber, in.
x
Cb = bending coefficient which can conservatively be taken as unity
or calculated from
but not more than 2.3
where Ml is the smaller and M2 is the larger bending moment
at the ends of the unbraced length, taken about the strong
axis of the member, and where Ml /M2 , the ratio of end moments,
is positive when Ml and M2 have the same sign (reverse
curvature bending) and negative when they are of opposite sign
(single curvature bending). When the bending moment at any
point within an unbraced length is larger than that at both
ends of this length the ratio Ml /M2 shall be taken as unity.
6For members subjected to combined axial and bending stresses,
Cb shall be 1.
E = modulus of elasticity = 29,500 ksi
d = depth of section, in.
11.1.2. Comparison Between the Theoretical Lateral Buckling Stress and
That Used by the AISI Specification and the CSA Standard
In order to study the background information for the AISI design
provisions on laterally unbraced beams, a comparison was made between
the theoretical value and those used by the AISI Specification(l) and
the CSA Standard(2). The member used for the comparison is a simply
supported sYmmetric I-shaped beam under e uniform moment. The critical














E = modulus of elasticity
G = shear modulus = E/2(1 + ~)
7I = moment of inertia about y-axisy
J = St. Venant torsion constant of the cross section approximately
determined by 1/3 Lbi t i 3
C = warping constant of torsion of the cross section
w
L = unbraced length of the beam
In Eq. (1.6), the first term under the square root represents the
strength due to lateral bending rigidity of the beam and the second
term represents the St. Venant torsional rigidity. For thin-walled
cold-formed steel sections, the first term usually exceeds considerably
the second term. The second term under the square root of Eq. (1.6b)
can be written as follows for the I-sections with unstiffened flanges






in which, d is the depth, A is the area and r y is the radius of
gyration about y-axis of the entire cross section.
(1. 7)
For the I-sections listed in the AISI Manuals, it was found that
the values of J/Ad2 are between 2 x 10-5 and 100 x 10-5 •
8Based on Eq. (1.6b), the theoretical critical buckling stress is
(ocr)theo fIC
-I -y-w (1. 8)
However, the AISI Specification and the eSA Standard are based on the












The following is a numerical example for the comparison of the
theoretical critical buckling stress [Eq. (1.8)] and that used for the
AISI Specification [Eq. (1. 9)] and the eSA Standard [Eq. (1 ,10)}. In
this example, a 12 in. x 7 in. x 0.135 in. I-section (Fig. 2) with
L = 200 in. was used. From Table 5 of the AISI Manual, (19) the
dimensions and sectional properties of the selected I-section with
stiffened flanges (i.e., with edge stiffeners) are as follows:
d = 12 in.
B = 3.5 in.
e = 1.0 in.
t = 0.135 in.
A = 5.41 in. 2
I 12.5 in. 4=y
S 18.7 in. 3=x
9r = 1. 52 in.y
L/r = 132y
J = (2) x (J value for the 12 x 3.5 x 0.135 in. channel given
in Table 1 of the AISI Manua1)=(2) (0.0164)
I d2 2
C = -1-- [1 + C (4C + 6d)]*
w 4 d2 (b + 3C)
= 12.5(12)2 [1 + 1(4 + 6 x 12) ]




By using Eqs. (1.8), (1.9) and (1.10), the elastic critical
lateral buckling stresses are computed as
(a) = 7T
2
E IIC 1. + GJL2
cr thea S L2 Y w 7T 2EC
x w
= (9.87)(29,500) 1(12.5)(487) Ii (11,300)(0.0328)(200)2
(18.7)(200)2 1 + (9.87)(29,500)(487)









(0) - -".--",,-y [ 1
cr CSA - 2L2S
x
2
= (9.87)(29,500)(12)(12.5) [1 + 2(11,300)(0.0328)(200) ]
2(200)2(18.7) (9.87)(12.5)(12)2(29,500)
• 30.85 ksi
It can be seen that the critical buckling stresses used by the AISI
Specification and the CSA Standard are conservative as compared with
the theoretical critical buckling stress, as pointed out already in
the Commentary on the AISI Specification (Ref. 1). For large L/ry
ratios, the AISI Specification has been found to be quite conserva-
tive.
11.1.3 Tests on Lateral Buckling of Cold-Formed Steel Beams
A total of 74 tests on lateral buckling of cold-formed steel beams
. (12-18)
were reported 1n seven Cornell Progress Reports • Among these
tests, the dimensions and cross-sectional properties of the 47 rela-
tively long I-beams which failed in elastic buckling are as follows:
Thickness (t): 0.0598 in.
Depth (d) : 4 in.
Width (2B): 2 in.
Area: 0.705 in. 2
about x-axis (I ): 1. 515 in. 4Moment of inertia x
about y-axis (I ): 0.0806 in. 4Moment of inertia y
(J) : 0.00260 in. 4Torsional constant
Radius of gyration about y-axis (r ): 0.338 in.y
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From the above data, the buckling load, (P ) ,of a beam can be
u p
predicted by using the following equation for the beam subjected to a
concentrated load as shown in Fig. 3. (4)
(loll)
in which the values of Cb and C2 are taken as 1.35 and 0.55,
respectively. (4)
The tested failure loads, {Pu)t' and the predicted buckling loads,
(P ) , are presented in Table 1. A comparison of these tested and
u p
predicted failure loads is also included in this table and is shown in
Fig. 1.
If all tests including the repeated tests on an identical
specimen are used, the mean value and the coefficient of variation
of the 47 test-to-prediction ratios, (P ) f{P ) , are





If only the lowest test result for each beam specimen is used,





If the average result for each specimen is used, then for the 15













The procedures used for calibration of the A1S1 design provisions
were presented in Ref. 6. The purpose of this calibration is to deter-
mine the value of the safety index S inherent in the current design
for lateral buckling of beams as characterized by Section 3.3 of the
A1S1 Specification. Similar to the previous work, the calibration has
been performed for a combination of dead and live loads for laterally
unbraced beams.
The safety index, S, is defined in Ref. 5 as
R, (R /0 )
n m 1nS = ---::.--.::::----::~




is the mean resistance and VR the coefficient of variation of
the resistance, while ~ and VQ are the corresponding quantities for
the load effects.
The mean load effects, ~, for a combination of dead and live loads
is assumed to be of the form
= A (e-C D + cLB L )
m umm mm
(1.13)
in which A is a mean value of a random variable representing the
m
uncertainties in structural analysis, and Band C are mean values ofm m
random variables reflecting the uncertainties in the transformation of




m = 1.00 and cD = cL' the coefficient of
13
variation of load effects, VQ, is
(1.14)
In this equation, VA' VC' VD and VL are coefficients of variation
associated with the uncertainties in structural analysis (A), dead
load (C,D) and live load (L,B) random variables, respectively.
Because of the use of relatively small tributary areas for cold-
formed steel members, the mean values of dead and live loads, D and
m
L , may be assumed to be the specified values of D and L , respectively.
m c c
Eq. (1.14) can be written in the following form:
(D L )2(V2 + V2) + (V2 + V2)
c c C D B L





In the application of Eq. (1.15), the following assumed values
of coefficients of variation of load effects are the same as those








By using Eq. (1.15) the values of VQ can be computed for four
different D /L ratios ranging from 0.1 to 3.0.
c c
For D /L = 0.1, VQ = 0.16c c
D /L = 0.3, VQ = 0.13c c
D /L = 1.0, VQ = 0.10c c
D /L = 3, VQ = 0.08c c
The mean resistance of the beam is(6)
R =MFPR
m m m m n (1.17)
In the above equation, M , F and P are the mean values of the material
m m m
factor, fabrication factor and professional factor, respectively, and
Rn is the nominal resistance determined on the basis of the current
design specification. Since all test specimens used in this calibration
failed in the elastic range, only the modulus of elasticity is involved
in the material properties. Therefore, M
m
= 1.00 and VM = 0.06. (7)
The mean value of the fabrication factor can be assumed to be unity
with a coefficient of variation of 0.05. The mean value of the
professional factor, Pm = [(Pu)t/(Pu)p]m' for laterally unbraced beams
is taken as 1.15 with a coefficient of variation of 0.15. The nominal
resistance, R , determined on the basis of the AISI design provisions
n
on laterally unbraced beams is equal to the load effect with a factor
of safety FS = 1.67, i.e.,
R = S F
n x cr
= 1.67c (D + L )
c c
in which D and L are specified dead and live loads and c is the
c c
influence coefficient. The mean resistance can be written as follows:
R = (1.00)(1.00)(1.15)(1.67)c(D + L )
m c c
= 1.92c (D + L )
c c
and the mean load effect is
o = c(D + L )111 m m
= c(D + L )
c c
Then
R /Q = 1.92
m m
The coefficient of variation of the resistance is
y = 1y2 + y2 + y2
R M F P
= 10.062 + 0.052 + 0.152
= 0.17
For a selected ratio of D /L = 1/3, the safety index a is
c c
in 1. 92
f3 = -;::==::::;::====:=;:-1 (0.17)2 + (0.13)2
= 3.04
15
Similarly, for D /L = 0.1, 1.0 and 3.0 the values of safety
c c
index are 2.79, 3.31 and 3.54, respectively. See Table 4.
16
11.2 CALIBRATION OF THE AISI DESIGN PROVISIONS
ON COMBINED AXIAL AND BENDING STRESSES
11.2.1 AISI Design Provisions on Combined Axial and Bending Stresses
Thin walled cold-formed members exhibit a more complex behavior
than the generally more compact hot-rolled shapes when subjected to
combined axial compression and bending because of the possibility of
torsional flexural buckling. The AISI recognizes this difference in
Section 3.7 of the AISI Specification. (1)
Two types of limit states are considered for the design of beam-
columns. They are
(1) Torsional-flexural buckling (TFB)
(2) In-plane instability (IPI)
The structural behavior of beam-columns depends on the shape and
dimensions of the cross-section, the location of. the applied eccentric
load, column length, condition of bracing, etc. For this reason, AISI
Specification separates the design criteria into the following four
cases according to:the configuration of the cross section and the
type of buckling modes:
- Doubly symmetric shapes and shapes not subject to torsional
or torsional-flexural buckling
- Singly symmetric shapes or intermittently fastened components
of built-up shapes having Q=l.O which may be subject to torsional-flexural
buckling
- Singly symmetric shapes or intermittently fastened components
of built-up shapes having Q < 1.0 which may be subject to torsional-
flexural buckling
- Singly symmetric shapes which are unsymmetrically loaded
17
Following is an excerpt of Section 3.7 of the AISI Specification:
(1) When subject to both axial compression and bending, doub1y-
symmetric shapes or shapes which are not subject to torsional or
torsional-flexural buckling shall be prpportioned to meet the
following requirements:
f C f b C f ba mx x my y
- + ---"';;~f:-':''':'';''''- + -"'--';;;';'f~JL-..- < 1. 0

















The subscripts x and y in the above formulas indicate the axis
of bending about which a particular stress or design property applies.
(2) Singly-symmetric shapes subject to both axial compression
and bending applied in the plane of symmetry shall be proportioned to
meet the following four requirements as applicable:
f fbCm(i) -2..... + < 1 (2.4)F f
al aFbI (1 - F)
e
f f
a +...2-< 1 (2.5)F Fb1 -ao
18
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{ii) If the point of application of the eccentric load is located
on the side of the centroid opposite from that of the shear center,
i.e., if e is positive, then the average compression stress (f ) also
a
shall not exceed F given below:
a
F = 0.522 F
a y




(iii) Except for T- or unsymmetric I-sections, if the point of
application of the eccentric load is between the shear center and
the centroid, i.e., if e is negative, and if F
al is larger than Fa2 ,
then the average compression stress (f ) also shall not exceed F
a a
given below:
F = F 2 + ~ (F E-F 2)a a x a a
o
(2.10)
(iv) For T- and unsymmetric I-sections with negative eccentricities
(a) If the point of application of the eccentric load is between
the shear center and the centroid, and if F
al is larger than Fa2 , then





(b) If the point of application of the eccentric load is located
on the side of the shear center opposite from that of the centroid,
then the average compression stress (f ) also shall not exceed F
a a
given below:
F = 0.522 F
a y (2.12)
F :y Fa = 0.522 O"TF (2.13)
where <1TF shall be determined according to the formula:
In the above,
C = a coefficient whose value shall be taken as follows:
m
1. For compression members in frame subject to joint
translation (sidesway) C = 0.85
m
(2.14)
2. For restrained compression members in frames braced against
joint translation and not subject to transverse loading




- 0.4 M' but notm 2
where Hl /H2 is the ratio of the smaller to larger moments
at the ends of that portion o fthe member, unbraced in the
plane of bending under consideration. Hl /H2 is positive
when the member is bent in reverse curvature and negative
when it is bent in single curvature.
20
3. For compression members in frames braced against joint
translation in the plane of loading and subject to
transverse loading between their supports, the value of
C
m
m~y be determined by rational analysis. However,
in lieu of such an analysis, the following values may be
used. (a) for members whose ends are restrained, C = 0.85,
m
(b) for member whose ends are unrestrained, C = 1.0.
m
CTF = a coefficient whose value shall be taken as follows:
1. For compression members in frames subject to joint trans-
lation (sidesway) CTF ~ 0.85
2. For restrained compression members in frames braced
against joint translation and not subject to transverse
loading between their supports in the plane of bending
where Ml/M2 is the ratio of the smaller to larger
moments at the ends of that portion of the member, unbraced
in the plane of bending under consideration. MllMz
is positive when the member is bent in reverse curvature
and negative when it is bent in a single curvature.
c = distance from the centroidal axis to the fiber with maximum
compression stress, negative when the fiber is on the shear
center side of the centroid, in.
d = depth of section, in.
e = eccentricity of the axial load with respect to the centroidal
axis, negative when on the shear center side of the centroid,
in.
21
F = maximum average compression stress, ksi
a
F = average allowable compression stress determined by bothac
requirements (i) and (ivb) if the point of application of the
eccentric load is at the shear center, i.e. the calculated
values of f and F , for e = x , kai
a a 0
F
aE = average allowable compression stress determined by requirement
(i) if the point of application of the eccentric load is at
the shear center, i.e. the calculated value of f for e = x ,
a 0
ksi
FaD = allowable compression stress under concentric loading
determined by Section 3.6.1.1 for L=D, ksi
F
al = allowable compression stress under concentric loading
according to Section 3.6.1.1 for buckling in the plane of
symmetry, ksi
F = allowable compression stress under concentric loading from
a2
Section 3.6.1.2, kai
Fb = maximum bending stress in compression that is permitted by
this Specification where the bending stress only exists
(Sections 3.1, 3.2, and 3.3), ksi
FbI • maximum bending stress in compression permitted by this
Specification where bending stress only exists and the
possibility of lateral buckling is excluded (Sections 3.1
and 3.2), ksi




f = axial stress = axial load divided by full cross-sectional
a
area of member, PIA, ksi
f b = maximum bending stress = bending moment divided by appropriate
section modulus of member, MIS, noting that for members
having stiffened compression elements the section modulus
shall be based upon the effective design widths of such
elements, ksi
I = moment of inertia of the compression portion of a section
xc
4
about its axis of symmetry, in.
4I = moment of inertia of the section about the y-axis, in.y
3 2[fAx dA + fA xy dA] - x
o
' in., where x is the axis ofj = 12 I
Y
symmetry and y is orthogonal to x
K = effective length factor in the plane of bending
~ = actual unbraced length in the plane of bending, in.
M = -Acr [j + ;l j 2+r 2(crt /cr )]= elastic critical moment causingc ex 0 ex
compression on the shear center side of the centroid, kip-in.
= -Acr [j - I' j 2+r 2(crt /cr )J= elastic critical moment causingex 0 ex
tension on the shear center side of the centroid, kip-in.
r b = radius of gyration about axis of bending, in.
r = radius of gyration about the centroidal axis parallel to the
xc
web of that portion of the I-section which is in compression
when there is no axial load, in.
S = compression section modulus of entire section about axis normal
yc
to axis of symmetry, I Idistance to extreme compression fiber,y
3in.





= r-- = maximum compression bending stress caused by M ~ ksi.
y c






= -1-- = maximum compression bending stress caused by M.r, ksi.
y




O'bl = O'TF ~ = maximum compression bending stress in the section2
r y
caused by O'TF' ks!.
x c
O'b2
a ksi= O'TF -2-
r y
7f2E
, ksi0' =e 2(K~/rb)
O'TF = average elastic torsional-flexural buckling stress, i.e. ,
axial load at which torsional-flexural buckling occurs
divided by the full cross-sectional area of member, ksi
cross-sectional area, 2A in.





= polar radius of gyration of cross-sectionr = r x
0 y 0
about the shear center, in.












crt = -- [GJ + w] ksi
Ar2 (KL) 2 '
0
(3) If Q < 1.0, singly-symmetric shapes or intermittently
fastened components of built-up shapes subject to both axial com-
pression and bending applied in the plane of symmetry can be conser-
vatively proportioned by replacing F by QF in (2) or their strengthy y
may be determined by tests in accordance with Section 6. Q is defined
in Section 3.6.1.1.
(4) Singly-symmetric shapes subject to both axial compression
and bending applied out of the plane of symmetry must be designed
according to Section 6.2, "Tests for Determining Structural
Performance."
11.2.2 Background for AISI Provisions on Combined Axial and Bending
Stresses
For in-plane instability (IPI), Ref. 4 gives the general
background of research on beam-columns. Because there are no tests
of cold-formed steel beam-columns failing by in-plane instability,
one hasto rely on the statistics and tests performed on the hot-
rolled shapes. The statistical analysis on the test-to-prediction
ratios of this type of hot-rolled beam-columns has been studied by
Galambos and Ravindra.(8) Stocky cold-formed beam-columns are here
assumed to behave much the same as hot-rolled beam-columns. Future
research may possibly modify this assumption.
25
For torsional-flexural buckling (TFB), the AISI design provisions
for singly symmetric sections are based on an extensive investigation
of torsional-flexural buckling of thin-walled sections under an
eccentric load conducted by Pekoz, Winter and Ce1ebi at Cornell
University. (9,10) This work was an expansion of the well established
theory of elastic stability of thin-walled sections for the special
case of cold-formed sections. The theoretical analysis for singly
symmetric open shapes subjected to combined axial and bending stresses
has been verified by a test program conducted by Pekoz and Ce1ebi. (10)
These tests used the cold-formed steel beam-columns.
11.2.3 Testing Program and Statistics
11.2.3.1 Members Failing by In-Plane Instability
The best method of predicting in-plane instability failure is
by performing numerical integration. In design, there are two
interaction equations, each of which must be checked. For the case
of laterally braced stocky I-shaped beam-columns subjected to








P M M~+ u ~ 1.0, but MU ~ 1.0
Py 1.18 ~ P (2.16)
The terms used in Eqs. (2.15) and (2.16) are defined as follows:
P , M = a point on the limit state interaction curve
u u
P = the limit state axial load which can be supported by the
cr
member in the absence of bending moment
26
PE = Euler buckling load = P //..2y
P = AF (2.17)y y
P = Py (1-0.25 /..2) for /.. <12 (2.18)cr
P = P //..2 for /.. >12 (2.19)cr y
M = Z F (2.20)
P x y
F = yield pointy
A = cross-sectional area
Z = plastic section modulus
x
L 1 If/.. = - (_) ....L
r 7T E
x
and C is defined in Article 11.2.1.
m
For hot-rolled shapes, Eqs. (2.15) and (2.16) are used as the
nominal resistance equations for the members failing by in-plane in-
stability. The statistics of the test-to-prediction ratios were
studied in Ref. 8. In this reference, it is shown that for the
case of in-plane instability, the mean resistance of a beam-column
is
R = (P )
m um
= M F P P
mmmu
(2.21)














, where (Pu)t and P
u
are tested and predicted failure
The following data are used in Ref. 8 for hot-rolled members:
M = LOS, VM = 0.10m
F = 1.00, VF = 0.05m
P = 1.02, Vp = 0.10m
It has also been shown in Ref. 8 that Eq. (2.15) can be used for
members failing by lateral-torsional buckling if MP is replaced
by M which is the maximum moment capacity in the absence of compressive
o
force. When the biaxial bending takes place, the linear interaction
equation is





my uy < 1 (2.22)P P P
cr u (1 - ....E-)M (1 --) M
ox PEx oy PEy
The subscripts x and y in the above formula indicate the axis of bending
about which a particular load applies.
The statistics for one set of the data are:
Pm = 1.11, Vp = 0.16
For another set of the data, the mean and coefficient of variation are
Pm = 1.16, Vp = 0.16
It should be emphasized again that these data are for tests on hot-
rolled wide-flange sections. For cold-formed steel compression members,
local buckling and the effective width concept are essential; however,
there are no tests of cold-formed steel beam-columns failing by
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in-plane instability. It is, therefore, extremely difficult to
generate the statistics required for the calibration.
For cold-formed beam-columns failing by in-plane instability,
the following values are assumed in the investigation:
M = 1.10, VM = 0.10m
F = 1.00, VF = 0.05m
P = 1.00, Vp = 0.13m
On the basis of these assumptions, the mean resistance and the
coefficient of variation of a beam-column are:
R = (p) = (1.10)(1.00)(1.00) Pm um u
= 1.10 Pu
V = j 0.102+0.052+0.132R
= 0.17
11.2.3.2 Members FailingbyTorsional~FlexuralBuckling
Eighteen hat-section tests of cold-formed steel beam~columns
were carried out by Pekoz and Celebi at Cornell University. (11)
The tests were conducted with loads applied in the plane of symmetry
with equal eccentricity at both ends. The sectional dimensions,
eccentricities, lengths of column and the yield points of steels
are presented in Table 2. The tested failure loads, (p ) , wereu t
taken from Ref. 11. The predicted failure loads, (P ) , wereu p
computed in accordance with Section 3.7 of the 1968 Edition of the
AIS1 Specification.
See Appendix B for a sample
predicted failure loads and





calculation of (P ). These tested and
u p
their ratios, (P ) I{p ) , are also presented
u t u p
and its coefficient of variation of the
For the purpose of calibration, the following conservative values
of the mean and the coefficient of variation of the professional




In view of the fact that the modulus of elasticity is the
dominant material parameter for elastic buckling and the yield point of





The above values are based on Em = E, VE = 0.06, (a) = 1.10 FY m Y
and Va IF = 0.10.
y Y
Therefore, the mean resistance and the coefficient of variation
. of a beam-column failing by torsional-flexural buckling is
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R = [(P ) ] = (l.OS)(l.OO)(l.lO)(P )
m upm up




The calibration follows the procedures and steps presented in
Article 11.1.4 of this report by using Eqs. (1.12) through (1.17).
11.2.4.2 Members Failing by Torsional-Flexural Buckling (TFB)
The nominal resistance determined on the basis of the AISI design
specification is equal to the load effect with a factor of safety = 1.92
R = (p) = 1.92c (D +L )
n u p c c
in which D and L are specified dead and live loads and c is the
c c
influence factor. The mean resistance can be written as follows:




The coefficient of variation of the resistance is VR = 0.15 and for
D IL = 1/3 the coefficient of variation of the load effect is
c c
VQ = 0.13, then the safety index, S, is
s = In 2.21
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= 4.00
Similarly, for D IL = 0.1, 1.0 and 3.0, the values of safety
c c
index are 3.62, 4.41 and 4.80, respectively. These values of safety
index are determined for A = 1.0. Similar procedures can be used for other A's.
11.2.4.1 Members Failing by In-Plane Instability (IPI)
A calibration is performed for the beam-columns failing by in-
plane instability. The following assumptions are made for this study.
(1) No lateral-torsional buckling
(2) Equal eccentricities
(3) Compact section (i.e., Q = 1.0)
(4) t < 0.09 in.
(5)
(6)
No plastic reserve capacties (i.e., ~ =




On the basis of these assumptions, the predicted failure load
of a beam-column failing by IPI can be computed from the following
equation by substituting M = P e and M = S F into Eq. (2.15), i.e.,






+ ---..::u=-----P- = 1. 0
S F (1 - ~)
x Y PE
(2.23)
in which, e is the eccentricity and S is the elastic section
x
modulus and other terms were defined previously (Article 11.2.3.1).
Let,
P = P Ipu u y
(2.24)
p = P Ip
cr cr y
PE = PE/Py
AF eC P e
e* = ~ = ~y~ = -.:f.-
2 I F S F
r x x y x y
Then, by using Eqs. (2.18) and (2.19),
= 1
Eq. (2.23) can be rewritten as follows:
P P e*
__ u + u =
1 I LOPcr -Pu PE
or
in which












The AISI design capacity of a beam-column failing by IPI, PD,
is determined from the following equation:
(2.35)
Let
Then, Eq. (2.35) can be written in the following form:
23 PD P e*D12 P + -----'--~-- = 1













and PD can be computed by Eqs. (2.32) and (2.39)
when numerical values of A and e* are known.
The nominal resistance determined on the basis of the AISI
design specification is equal to the load effect with a factor of
safety SF = 1.92.
R = P
n u
The mean resistance of a bea~column failing by IPI is
Pu
R = 1.10 P = 1.10 p- PDmUD
Since Q = c(D +L ) = PDm c c
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where the values of Pu and PD are computed by Eqs. (2.32) and (2.39),
respectively.




/ (0 .17) 2+V~
Various values of safety index, 8, can be computed for different
values of D /L , A and e*. These values are presented in Table 3.
c c
From this table, it can be seen that for D /L = 1/3, the value of safety
c c
index is 3.49 for columns (e* = 0) and is 2.85 for beams (e* - 1.00).
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11.3 SUMMARY AND FUTURE STUDY
During the period of August through December 1977 t the research
activities on load and resistance factor design of cold-formed steel
includes: 1) calibration of the design provisions on laterally unbraced
beams t and 2) calibration of the design provisions on combined axial
and bending stresses.
The preliminary research findings are presented in this report.
Values of safety index for beam-columns and beams subjected to lateral
buckling have been evaluated on the basis of first order probabilistic
theory by using the available test data on mechanical properties
and the failure loads of these types of members. Representative values
of ~ are presented in Table 4. The selection of ~ and the determination
of the resistance factor t ¢t will be made at a later date after other
design provisions are calibrated.
In the near future t it is planned to carry out the following
studies:
(1) Web design of beams
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A = Analysis factor = Cross-sectional area
B = Live load transformation factor = Width of section
C = Dead load transformation factor
Cb ' Cm' CTF = Equivalent bending moment factors
C = j 2'IT2E/F
c Y
C = Warping constant
w
c = Influence factor = Distance from the centroidal axis
to the fiber with maximum compression stress
e = subscript defining code - Specified loads
D = Dead load intensity
d = Depth of section




F = Fabrication factor
F = Maximum average compression stress
a
F
aC ' FaE = Average allowable compression stresses under eccentric
loading
F
aO ' Fal , Fa2 = Allowable compression stresses under concentric loading
Fb , FbI = Maximum bending design stresses
FS = Factor of safety




f = Axial stress
a
fb = Bending stress
G = Shear modulus
I = Moment of inertia of the compression portion of a section
xc
about its axis of symmetry
I = Moment of inertia of the section about the y-axisy
I = Moment of inertia of the compression portion of a sectionye
about its gravity axis parallel to the web
J = St. Venant torsional constant
j = Section property, torsional flexural buckling
K = Effective length factor
L = Live load intensity = Unbraced length of beam = Length
of column
~ = Actual unbraced length in the plane of bending
M = Material factor = Bending moment
M M M = Critical moments
cr' c' t
MI , MZ = End moments
M = Maximum moment capacity in the absence of compressive
o
force
m = Subscript defining mean value = Distance of shear center
of channel from mid-plane of the web
n = Subscript defining nominal resistance
P = Professional factor = Axial load
PD = Design load
PE = Elastic buckling load




P = Yield loady
p = Subscript defining predicted value
Q = Load effect = Stress and/or area reduction factor
R = Resistance of a structural member = Inside bend radius
r b , r , r ,r = Radii of gyrationo x y
S = Elastic section modulus
x
S = Compression section modulus of entire section about
xc
x-axis
S = Compression section modulus of entire section aboutyc
y-axis
s = Spacing
t = Thickness of steel sheet = Subscript defining tested
value
v = Coefficient of variation
w = Flat width of an element exclusive of fillets
x = x-coordinate of the shear center
o
Z = Plastic section modulus
x
a = Linearization factor
2S = Safety index = A constant equal to 1 - (x /r )
o 0
e = Central safety factor
A = Slenderness parameter
abC' 0bT = Maximum compression bending stresses caused by Mc ' MT




crt = Torsional buckling stress
crTF = Average elastic torsional-flexural buckling stress
crTFO = Elastic torsional-flexural buckling stress
o = Tested yield stressy
42
43
APPENDIX B: Sample Calculations
The following is a detailed determination of the predicted
failure load (P) for specimen H2-1-2. This sample calculation
u p
follows the steps and formulas used in the AISI Design Manu~1.(19)
Given: Steel cr = 45.50 ksi (F = 27.30 ksi)y
Hat section: A' =1.200 in., B' - 1.650 in., C' = 0.450 in.,
t = 0.058 in., L = 52.5 in., K = 0.5, K = 1.0, e = 0.90 in.
x y x
(P) = 2.210 kips
u t
Required: (Pu)p and (Pu)t/(Pu)p
Sectional Properties I qe-I.650
b = B'-t = 1.592"











c = C'-(r + t) = 0.392"
b = B' - 2(r + t) = 1. 534"
a = A'-2(r + d = 1.084"
c = C' - .!. = 0.421"2
tAssume R=O, r = 2" = 0.029"






3. Moment of inertia about x-axis:
{ 3 a 2 a 233Ix = 2t 0.0417 a +b(I + r) +u(I + 0.637 r) +0.149 r +0.0833 c
c 2 a 2 3
+ 4 (a+c+4r) +u(z + 1.363 r) +0.149 r }
= 0.0970 in~
4. Distance from centroid of section to centerline of web:
- 2t b
x = ~ {b(Z + r)+u(0.363 r)+u(b+1.637 r)+c(b+2r)}
= 2~~2~~~ {1.534(1.~34 + 0.029)+0.0455(0.363xO.029)
+0.0455(1.534+1.637xO.029)+O.392(1.534+2xO.029)}
= 0.7493 in.
5. Moment of inertia about y-axis:
Iy = 2t{b(~ + r)2+0.0833 b3+O.356 r 3+c(b+2r)2+u(b+1.637 r)2
+0.149 r 3} - Ai2




6. Distance from shear center to center line of web:
bt - - 2 - - 2 - 3
m = 12 I {6c(a) +3b(a) -8Cc) }
x
= 0.7079 in.
7. Distance from centroid to shear center
x = -(X+m) = -(0.7493+0.7079)
o
= -1.4573 in.
8. St. Venant torsion constant, J:
t
3




9. Warping constant, C :
w
2 2
= (1.~42) {0.1094+(0.7493)2(0.2969)[1 _ (1.142) (0.2969)]}
4(0.0970)
2 3













- - 3 - 3-S == -{0.0833 tx(a) +t(x) a}
w








1j == 2(0.1094) {-0.0333+O.0083+O.0550}
== 1.5943 in.
11. Radii of gyration
r x = jlx/A = /0.0970/0.2969 = 0.5717 in.
r y = /Iy/A = /0.1094/0.2969 = 0.6071 in.
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12. Constant S:
1 - (1.4573)2 = 0.2467
1.6790
13. The member is composed of stiffened and unstiffened elements.
Therefore, paragraph (3) in Spec. Sec. 3.6.1.1(a) applies
For the web: 1.084wIt = aft = 0.058 = 18.67
For the flange: w/t = b/t = 1.5920.058 = 27.45
Since these are stiffened elements, Spec. Sec. 2.3.1.1 applies
(w/t)lim = 17l/1f = 171/~ = 32.73
Both web and flanges are fully effective, Q =1
a
For the lip (Spec. Sec. 3.2) wIt = c/t = 0.392/0.058 =
6.76 < 63.3
145.5
Therefore, F = 0.6 F = 27.3 ksi and Q =1
c y s
The shape factor is Q = Q xQ = 1
a s
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Calculation of (Pu)p in accordance with AISI Spec.
In accordance with Spec. Sec. 3.7.3, singly-symmetric sections
fail either by yielding as a result of continuous flexural bea~
column behavior or by torsional-flexural buckling. Allowable stresses
will be calculated for both modes of failure and the smaller of the two
will govern.
1. Continuous flexural beam-column behavior
The allowable load for continuous beam-column behavior is calculated
according to Spec. Sec. 3.7.2(i)
Assume f /F 1 > 0.15, then the first relation to be satisfied
a a
is the following:
This expression can be rewritten in the form,
In order to solve for P, a value must be assumed for f .a
K L (1)(52.5)
-L= = 86.48r 0.6071y
j2rr2E/FyC = = 12x9.87x29,500/45.5 = 113.13c
C /IQ = 113.13/1 = 113.13c
QF K L/r 2
F
a1 = 0.522 QF -




Assume f = 4 ksi (first approximation)
a
Noting that the maximum compression stress due to bending and axial
loading is at the lips, the full section modulus can be used to
calculate fb
Iv 0.1094 3S = ---.L.. = ----'-'----'-'--- = 0 .1255 in.y c - t1.650-(x + "2)
_ Pex _ P(0.90) P
fb - S - 0.1255 = ...,..0.....;.1:;..,,3"'::'9-:-4y
Since wit (at lips) = 0.392/0.058 = 6.76 < 63.3//45.5, lbl is
determined in accordance with Spec. Sec. 3.2, i.e.
Fbl = 0.6 Fy = 27.3 ksi
C = 1.0
m
F' = __~12~TI~2~E~~ = l2x9.87x29,500 = 20.31 ksi
e 23 (K L/r )2 23 (86.48)2y y
The relation to be satisfied can then be written as follows:
P/0.2969 P/0.1394
16.81 + 27.3 (1-4/20.31) =
Solving this expression for P leads to
P = 1.90 kips
1.0
L90Based on this value of P, fa = 0.2969 = 6.38 ka! (compare with 4 ksi
for the first approximation)
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Assume f = 5.9 ksi (second approximation)
a
P!0.2969 + P/0.1394
16.81 27.3 (1-5.9/20.31) = 1.0
P = L 7S kips
f = 1.75 = 5.90 ksi
a 0.2969
Therefore, P = 1.75 kips [based on the first interaction
equation in Spec. Sec. 3.7.2(1) for fa/Fal > 0.15]
A second value of P is obtained from the relation
In order to solve for the allowable value of P, this relation
can be rewritten as follows:
P!A Pe /S
__ + x Y<10
F F •
aO bl
F 0 = 0.522 QF = 0.522x45.5 = 23.75 ksi when L=O
a y
Hence, the second relation to be satisfied can be written as follows:
From which, P = 2.47 kips
The lower value of P = 1.75 kips obtained from the first relation
governs for the continuous beam-column failure mode.
2. Torsional-Flexural Buckling
Since the axial load is located on the side of the centroid away
from the shear center, the allowable load for torsional-flexural
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buckling is calculated in accordance with Spec. Sec. 3.7.2(ii)






TI E = 9.87x29)500 = 138.09 ksi
(K L/r )2 (45.92)2
x x









e (K L/r )2 (86.48)2y y
= 38.93 ksi
j 2 2 aM- = -AcJ [j - j + r -L]-~ ex 0 (J
ex
. j 2 2 14.60




CTF = 1.0 since there is no relative point translation
¢2 = 13.50 + 38.93 + (1)(0~90)(0~2969)(525.40)
3.73
= 90.11
= ~ [90.11 - 1(90.11)2-4 (525.56)]
III 6.27 ksi
= 3.27 ksi
P = 0.971 kips








APPENDIX C: Evaluation of the Linearization Factor
for Co1d-Fo~ed Steel Members
The first order probabilistic design criterion is
(C1)
where ~t ~ are mean values of the resistance and the load effect
and e is the central safety factor which is given by the following
equation. (7)
e = exp «(3 j V2+V2 )R Q
in which (3 is the safety index and VR and VQ are coefficients of
variation of the resistance and load effect t respectively.
(C2)
The mean load effect, ~, for a combination of dead and live
loads is assumed to be of the following fo~
o = A (cDC D +cLB L )
"'m m mm mm
(C3)
in which A is a mean value of a random variable representing the un-
m
certainties in structural ana1ysis t and Band C are mean values ofm m
random variables reflecting the uncertainties in the transformation
of load intensities into load effects and ~ and cL are influence
coefficients.




= 1 and ~ = cL = C t the mean








in which, VA' VC' Vn and VL are coefficients of variation associated
with the uncertainties in structural analysis (A), dead load (C,D)
and live load (L,B) random variables, respectively. Because of the use
of relatively small tributary areas for cold-formed steel members,
the mean values of dead and live loads, D and L , may be assumed to
m m
be the specified values of D and L ,respectively. Eqs. (C4) and (C5)
c c







(D IL + 1) 2
c c
(C7)
The design criterion can be written as fo11ows:(7)
(C8)
in which a is a linearization factor determined by minimizing a function
of error in the approximation.
The approximate central safety factor, 8a , is
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R
8a = (~) a
_ (exp <>/lVR) (exp <>/lV",) eLe{~[ I-t<>a~I +[ l-kx/l~I }
cL (D /L +1)
c c c
The value of a is so chosen as to minimize a function of the
approximation, E = 100(8-8 )/8. The function to be minimized could be
a
the maximum error in the domain of all design situations. A design
situation is characterized by the
coefficients of variation VR' VA'
values of data variables D /L , the
c c
/ V~+V~ , Ivi+v~ and the safety index
B. The minimization of maximum error is biased.towards the combinations
giving maximum errors. In order to obtain a more representative set
of a's, the frequencies of occurrence of data variables have to be
considered. The ranges of data variables were chosen as follows:
D /L = 0.1, 0.4, 0.7, 1.0, 1.3
c c
VA = 0.03, 0.05
V = 0.10, 0.15, 0.20R
B = 2.5, 3.0, 4.0
With a = 0.55, the distribution of the error involved in this
approximation is shown in Figs. Cl through C4.
From this study, it is concluded that a = 0.55 can be also a
reasonable linearization factor used for cold-formed steel members.
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TABLE 1
Comparison of the rested and predicted Failure Loads of Cold-Formed
Steel I-Beams Subjected to Elastic Lateral Buckling
L (Pu).t (p ) (p )Specimen ' u t(in.) u p (Pu)p(lbs) (lbs)
8-1/1 90 520 491 1.06
S-1/2 " 720 " 1.47
8-2/1 90 710 " 1.45
S-3/1 90 500 " 1.02
8-3/2 " 580 " 1.18
S-4/1 90 710 " 1.50
T-1/1 138 200 207 0.97
T-1/2 " 210 " 1.01
T-1/3 " 260 " 1.26
T-1/4 " 200 " 0.97
Ti-2/1 138 220 " 1.06
T-2/2 " 270 " 1.30
T-2/3 " 280 " 1.35
T-2/4 " 340 " 1.64
T-3/1 138 230 " 1.11
T-3/2 " 220 " 1.06
T-3/3 " 260 11 1.26
U-1/1 117 270 288 0.94
U-1/2 " 330 " 1.15
U-1/3 " 360 " 1.25
U-1/4 " 260 " 0.90
U-1/5 " 260 " 0.90
U-1/6 " 440 " 1.53
U-1/7 " 390 " 1.35
U-2/1 117 280 " 0.97
U-2/2 " 330 " 1.15
U-2/3 11 260 " 0.90
U-2/4 " 270 " 0.94
V;"l/l 85.5 620 547 1.13
V-1/2 " 930 " 1. 70
V-1/3 " 680 " 1.24
V-1/4 11 750 " 1.37
V-2/1 670 " 1.2385.5
V-2/2 " 550 " 1.01
V-2/3 " 850 " 1.55
TABLE 1 (can't)
Specimen L (Pu) t (P )
(Pu) t
(in. ) u p (P )(lbs) (lbs) u p
'-1-1/1 70.75 730 820 0.89
W-1/2 " 1150 " 1.40
W-l/3 " 1280 " 1.56
W-1/4 " 840 " 1.02
W-1/5 " 1070 " 1.31
W-1/6 " 860 " 1.05
X-1/1 61.50 950 1121 0.85
X-1/2 " 1070 " 0.95
X-2/1 61.50 1150 " 1.03
X-3/1 61.50 1650 " 1.47
X-3/2 " 1070 " 0.95
X-3/3 " 1250 " 1.12
Mean value of (P \/(P ) P = 1.18
u u p m
Coefficient of variation V = 0.19P
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TABLE 2
Comparison of the Tested and Predicted Failure Loads of Cold-Formed{rfeel Columns Subjected to
Torsional-Flexural Buckling Under Eccentric Load )













K L (P )* (P) t (P) t
.-::i.- u P u u




















0.058 1.200 1.650 0.450
0.058 1.200 1.650 0.450
0.058 1.200 1.650 0.450
0.058 0.950 1.925 0.506
0.058 0.950 1.925 0.506
0.058 0.950 1.925 0.506
0.058 0.950 1.450 0.450
0.058 0.950 1.450 0.450
0.058 0.950 1.450 0.450
0.048 1.296 1.719 0.445
0.048 1.296 1.719 0.445
0.048 1.296 1.719 0.445
0.048 0.968 1.969 0.460
0.048 0.968 1.969 0.460
0.048 0.968 1.969 0.460
0.048 0.968 1.484 0.460
0.048 0.968 1.484 0.460













































































































Mean of (P )t/{P )
u u 0Coefficient of var1ation
* (P) was computed on the basis of Section 3.7 of the AISI Specification.
u p
calculation.
For dimensions see Fig. 4.
P = 1.15V; = 0.07








D /L A 0 0.25 0.50 0.75 1.00 1.50 2.00 3.00 4.00 5.00 10.0 100c c
0.2 3.20 3.08 3.00 2.95 2.91 2.85 2.81 2.76 2.73 2.71 2.66 2.53
0.4 3.20 3.08 3.00 2.95 2.91 2.86 2.82 2.77 2.74 2.71 2.66 2.53
0.6 3.20 3.07 3.00 2.96 2.92 2.87 2.83 2.78 2.75 2.73 2.67 2.56
0.10 0.8 3.20 3.07 3.01 2.97 2.93 2.89 2.85 2.80 2.77 2.75 2.69 2.61
1.0 3.20 3.07 3.02 2.98 2.95 2.91 2.88 2.83 2.80 2.77 2.71 2.61
1.2 3.20 3.08 3.03 3.00 2.98 2.94 2.90 2.86 2.82 2.80 2.73 2.61
1.4 3.20 3.08 3.04 3.03 3.01 2.98 2.93 2.90 2.85 2.83 2.75 2.62
0.2 3.49 3.36 3.28 3.22 3.17 3.11 3.06 3.01 2.97 2.95 2.90 2.76
0.4 3.49 3.36 3.28 3.22 3.18 3.12 3.07 3.02 2.98 2.96 2.91 2.76
0.6 3.49 3.35 3.28 3.22 3.19 3.13 3.09 3.04 3.00 2.98 2.92 2.81
0.33 0.8 3.49 3.35 3.28 3.24 3.20 3.15 3.11 3.06 3.02 3.00 2.93 2.84
1.0 3.49 3.35 3.29 3.25 3.22 3.17 3.14 3.09 3.05 3.02 2.95 2.84
1.2 3.49 3.36 3.21 3.27 3.25 3.20 '3.17 3.12 3.08 3.05 2.98 2.85
1.4 3.49 3.37 3.23 3.30 3.27 3.23 3.20 3.15 3.11 3.09 3.00 2.86
-------
0.2 3.78 3.65 3.56 3.49 3.44 3.37 3.32 3.26 3.23 3.20 3.15 2.99
0.4 3.78 3.64 3.55 3.49 3.45 3.38 3.33 3.28 3.24 3.21 3.15 2.99
0.6 3.78 3.64 3.56 3.50 3.46 3.40 3.35 3.29 3.26 3.23 3.17 3.05
1.00 0.8 3.78 3.63 3.56 3.51 3.47 3.42 3.38 3.32 3.28 3.25 3.18 3.08
11.0 3.78 3.63 3.57 3.53 3.50 3.44 3.40 3.35 3.31 3.28 3.20 3.09
I 1.2 3.78 3.65 3.59 3.55 3.52 3.47 3.44 3.38 3.34 3.31 3.23 3.09
11.4 3.78 3.67 3.61 3.57 3.55 3.50 3.48 3.41 3.37 3.34 3.26 3.10
.-....-
0.2 4.06 3.91 3.81 3.74 3.69 3.62 3.57 3.50 3.46 3.44 3.38 3.21
0.4 4.06 3.91 3.81 3.75 3.70 3.63 3.58 3.51 3.47 3.45 3.38 3.21
0.6 4.06 3.90 3.81 3.75 3.71 3.64 3.60 3.53 3.49 3.47 3.40 3.28
3.00 0.8 4.06 3.90 3.82 3.77 3.73 3.67 3.62 3.56 3.52 3.49 3.41 3.31
1.0 4.06 3.90 3.83 3.79 3.75 3.69 3.65 3.59 3.55 3.52 3.44 3.31
1.2 4.06 3.91 3.85 3.81 3.78 3.73 3.69 3.63 3.59 3.55 3.46 3.31




Values of Safety Index
Type of member
Beams subjected to elastic lateral buckling
~+
Beam-columns failing by in-plane instability
+
Beam-columns failing by torsional flexural buckling'
Value of B
DelLe
0.10 0.33 1.00 3.00
2.79 3.04 3.31 3.54
2.95 3.22 3.50 3.75
3.62 4.00 4.41 4.80
t These values of safety index are computed for A = 1.00
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Fig. 1.
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Comparison of the Tested and Predicted Failure Loads of Cold-Formed
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Fig. 4. Dimensions of Test Specimens
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s = 2.5 V = 0.1, 0.15, 0.2 (0.1, 0.5, 0.4)R
a = 0.55 V = 0.03, 0.05 (0.9, 0.1)E
I v2+v2 = 0.04, 0.06 (0.1, 0.9)A D
Iv2+v2 = 0.15, 0.2, 0.25 (0.1, 0.5, 0.4)B L
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VR = 0.1, 0.15, 0.2 (0.2, 0.5, 0.3)
VE = 0.03, 0.05 (0.5, 0.5)
ylv~+V~ = 0.04, 0.06 (0.5, 0.5)
vlVi+Vi = 0.15, 0.2, 0.25 (0.4, 0.4, 0.2)
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VR = 0.10, 0.15, 0.20 (0.2, 0.5, 0.3)
VE = 0.03, 0.05 (0.5, 0.5)
vlv~+v~ = 0.04, 0.06 (0.5, 0.5)
vfv;+Vi = 0.15, 0.2, 0.25 (0.4, 0.4, 0.2)
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VR = 0.1, 0.15, 0.2 (0.2, 0.5, 0.3)
VE = 0.03, 0.05 (0.5, 0.5)
r::z:::iVVA+Vn = 0.04, 0.06 (0.5, 0.5)
ylvi+Vi = 0.15, 0.2, 0.25 (0.4, 0.4, 0.2)
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